AB STRA CT This study was designed to determine the effect of nitroglycerin upon transmural distribution of myocardial blood flow in the awake dog during normal conditions and in the presence of ischemia-induced coronary vasodilation. Studies were performed in chronically prepared dogs with electromagnetic flowmeters and hydraulic occluders on the left circumflex coronary artery. Regional myocardial blood flow was estimated by using radionuclide-labeled microspheres, 7-10 im in diameter, injected into the left atrium. During control conditions endocardial flow (0.86±SEMI 0.05 ml/min per g) slightly exceeded epicardial flow (0.72±0.03 ml/min per g, P < 0.05), and this distribution of flow was not significantly altered by nitroglycerin. After a 5-s coronary artery occlusion, reactive hyperemia occurred with excess inflow of arterial blood effecting 360+15 15% repayment of the blood flow debt incurred during occlusion. When arterial inflow was limited to the preocclusion rate during coronary vasodilation after a 5-s total coronary artery occlusion, flow to the subepicardial myocardium was increased at the expense of underperfusion of the subendocardial myocardium, and the delayed reactive hyperemia was markedly augmented (mean blood flow debt repayment = 775±105%, P < 0.01). These data suggested that subendocardial underperfusion during the interval of coronary vasodilation in the presence of a flow-limiting
mal conditions and in the presence of ischemia-induced coronary vasodilation. Studies were performed in chronically prepared dogs with electromagnetic flowmeters and hydraulic occluders on the left circumflex coronary artery. Regional myocardial blood flow was estimated by using radionuclide-labeled microspheres, 7-10 im in diameter, injected into the left atrium. During control conditions endocardial flow (0.86±SEMI 0.05 ml/min per g) slightly exceeded epicardial flow (0.72±0.03 ml/min per g, P < 0.05), and this distribution of flow was not significantly altered by nitroglycerin. After a 5-s coronary artery occlusion, reactive hyperemia occurred with excess inflow of arterial blood effecting 360+15 15% repayment of the blood flow debt incurred during occlusion. When arterial inflow was limited to the preocclusion rate during coronary vasodilation after a 5-s total coronary artery occlusion, flow to the subepicardial myocardium was increased at the expense of underperfusion of the subendocardial myocardium, and the delayed reactive hyperemia was markedly augmented (mean blood flow debt repayment = 775±105%, P < 0.01). These data suggested that subendocardial underperfusion during the interval of coronary vasodilation in the presence of a flow-limiting INTRODUCTION Because cardiac contraction impedes blood flow into the subendocardial myocardium during systole, uniform transmural myocardial perfusion is dependent upon augmentation of subendocardial flow during diastole (1, 2) . This diastolic perfusion gradient favoring the subendocardium results from active coronary vasomotion, principally at the precapillary level, maintaining diastolic vascular resistance lower within the subendocardium than in the subepicardium (2) . Myocardial ischemia, by causing generalized coronary vasodilation, has been shown to compromise this normal gradient of transmural diastolic coronary vascular resistance (3) (4) (5) . Since ischemia produces coronary vasodilation principally at the precapillary resistive vessels without dilation of the larger "conductive" vessels where nitroglycerin appears to act, it is possible that any redistribution of mvocardial blood flow away from the subendocardium effected by ischemic dilation of the precapillary vessels could be modified by dilation of the conductive vessels by nitroglycerin (6, 7) .
Previous studies have shown that in the presence of a flow-limiting coronary artery stenosis, coronary vaso-
The Journal of Clinical Investigation Volume 55 June 1975-1219-1228 dilation resulting from ischemia may compromise the ability of active coronary vasomotion to maintain uniform transmnural myocardial perfusion. In this situation, subendocardial underperfusion may be perpetuated in the presence of a normal net volume of coronary artery inflow (8) . The present study was designed to extend these findings to determine whether nitroglycerin may act to correct this ischemia-induced subendocardial underperfusion and restore transmural myocardial blood flow distribution toward normal. To evaluate the potential mechanisms by which nitroglycerin may affect the distribution of myocardial blood flow during ischemia-induced coronary vasodilation, additional studies tested whether during coronary artery constriction blood flow available to the subendocardium may be increased as a result of a reduction of myocardial oxygen consumption by nitroglycerin, or whether nitroglycerin may increase total coronary inflow by vasodilation of preexisting intercoronary collateral vessels. In addition, the effect of nitroglycerin on transmural myocardial perfusion during unrestricted coronary inflow was studied. All studies were performed in chronically instrumented, unanesthetized dogs to eliminate possible interfering effects associated with general anesthesia and acute surgical trauma.
METHODS
17 adult mongrel dogs weighing 23-30 kg were anesthetized with sodium thiamylal (30-40 mg/kg i.v.) and underwent left thoracotomy. A polyvinyl chloride heparin-filled catheter 3 mm in outside diameter was introduced into the arch of the aorta via the left internal mammary artery. A similar catheter was introduced into the left atrial cavity through the left atrial appendage and secured in place with a pursestring suture. The proximal 1.5 cm of the circumflex branch of the left coronary artery was dissected free and a hydraulic occluder constructed in our laboratory was positioned around the vessel proximal to any branches (9 ' and a Hewlett-Packard model 3917-A eightchannel magnetic tape recorder.' The laboratory was dimly illuminated and kept free of noise or other activity which might disturb the dog. Coronary artery occlusions were performed by injecting and holding 1 ml of water into the occluder tubing with a handheld syringe. This technique allowed completed occlusion or complete release of coronary blood flow within less than 0.1 s. After all recording instruments were connected, a 60-s coronary artery occlusion was produced while lead II of the electrocardiogram was monitored. Only dogs which exhibited significant ST segment elevation, as well as increased heart rate, indicating absence of an effective coronary collateral circulation which might impair the ischemic stimulus produced by coronary occlusion during subsequent studies were used for this study (11) . Three of the dogs tested failed to manifest these indications of myocardial ischemia during a 60-s occlusion and were consequently not used for this study. Subsequently, a 45-60-min interval was allowed for the animal to adjust to the laboratory conditions. During this time data were sampled continuously to insure that a control steady state had been achieved.
Group I. Group I consisted of eight dogs with electromagnetic flowmeter probes and hydraulic occluders on the left circumflex coronary artery. Six of these dogs had electromagnetic flowmeter probes on the ascending aorta. During control conditions, the reactive hyperemia following a coronary artery occlusion of 5-s duration was observed. The reactive hyperemic response was then observed when a 5-s total coronary artery occlusion was performed and a sufficient volume of water subsequently withdrawn from the occluder to allow coronary flow to return to the preocclusion rate and held at this level for 20 s. After this interval of restricted inflow, the occluder was completely released to allow the reactive hyperemic response. Studies were discarded if coronary flow during the interval of restricted inflow deviated from the preocclusion control rate by more than 5%o. The sequence in which occlusions were performed was randomized and each intervention was performed in duplicate.
After these control measurements, nitroglycerin, 0.015 mg/kg, dissolved in 3 ml of normal saline was infused intravenously over a 60-s interval. 5 min after beginning the infusion of nitroglycerin, the reactive hyperemic response to a 5-s total coronary occlusion followed by a 20-s restriction of coronary inflow to the preocclusion rate of flow was again observed.
After a minimum of 90 min after administration of nitroglycerin, the reactive hyperemia following a 5- hyperemic response to a simple 5-s coronary artery occlusion was again observed. Studies were discarded in which heart rate, mean aortic flow, or aortic blood pressure differed by more than 5% from control values during the occlusion and to the end of the reactive hyperemic response. The volume of flow during reactive hyperemia was determined by electrical integration by a Hewlett-Packard model 8815-A analog computer. 3 The duration of reactive hyperemia was taken as the time required for flow to fall to within 5% of the control measurement. Mean coronary and aortic blood flow and aortic blood pressure were measured directly from the recordings. Calculations of blood flow debt incurred during arterial occlusion, reactive hyperemic flow, and blood flow debt repayments were made as described by Freeman (12) In each dog 1.5 ml of suspension containing three million microspheres was injected into the left atrium during resting control conditions. This and all subsequent microsphere injections were made over a 5-s interval and the left atrial catheter was then flushed with 3 ml of normal saline during the following 5-s interval. Beginning simultaneously with the microsphere injection and continuing for 90 s, a reference sample of arterial blood was collected from the aortic catheter at a constant rate of 15 ml/min by using a withdrawal pump. 5 To evaluate the distribution of myocardial blood flow when coronary vasodilation was produced by an ischemic stimulus, but coronary inflow prevented from increasing above the control level, a 5-s coronary artery occlusion was produced and the occluder then partially deflated to allow coronary flow to return to the preocclusion control rate of flow but to prevent any reactive hyperemia. Beginning 5 s after restoration of coronary artery inflow to the control rate, 1.5 ml of microsphere suspension labeled with a second radionuclide was injected into the left atrium. Coronary artery flow was maintained at the preocclusion rate for an additional 40 s to insure complete dispersion of microspheres before the occluder was completely released.
Nitroglycerin, 0.015 mg/kg, dissolved in 3 ml of normal saline was then administered intravenously over a 60-s interval. 5 min after beginning the nitroglycerin infusion, a 5-s coronary artery occlusion was produced and the occluder then partially deflated to allow coronary flow to 43M Co., St. Paul, Minn. 'Model 1210, Harvard Apparatus Co., Inc., Millis, Mass. return to the preocclusion control rate of flow, but to prevent any reactive hyperemia. Beginning 5 s after restoration of coronary inflow to the control rate, 1.5 ml of microsphere suspension labeled with a third radionuclide was injected into the left atrium. As before, coronary artery flowv was maintained at the preocclusion rate for an additional 40 s to insure complete dispersion of microspheres before the occluder was completely released.
After completion of the study, the animal was sacrificed with a lethal dose of pentobarbital and the heart removed and fixed in 10% buffered formalin. The atria, right ventricle, aorta, and large epicardial blood vessels were dissected from the left ventricle and discarded. The left ventricle was then sectioned into four transverse sections of approximately equal thickness parallel to the mitral valve ring as previously described (13 Group III. Group III consisted of six dogs with only a hydraulic occluder on the left circumflex coronary artery and indwelling catheters in the ascending aorta and left atrium. These animals were used to study the effects of nitroglycerin upon transmural myocardial blood flow during resting control conditions, as well as to assess the effect of nitroglycerin upon collateral inflow distal to an acute coronary artery occlusion.
While the animals were resting quietly, three million radionuclide-labeled microspheres dissolved in 1.5 ml of 10% dextran were injected into the left atrium while a reference specimen of arterial blood was collected from the aortic catheter as previously described. Subsequently, nitroglycerin, 0.015 mg/kg, was administered intravenously over a 60-s interval. 5 min after beginning the nitroglycerin infusion, a second dosage of three million microspheres labeled with a different radionuclide was injected into the left atrium.
A minimum of 90 min was allowed for dissipation of the effects of nitroglycerin before the subsequent intervention was performed. The left circumflex coronary artery was occluded by injecting 1.0 ml of water into the occluder tubing. Beginning 5 s after application of the coronary occlusion, three million microspheres labeled with a third radionuclide were injected into the left atrium as previously described. The coronary occlusion was maintained for a total interval of 60 s to insure complete dispersion of microspheres in the arterial circulation before release of occlusion. was again administered intravenously over a 60-s interval. 5 min after beginning the nitroglycerin infusion, a coronary artery occlusion was performed, and 5 s after the onset of occlusion, three million microspheres labeled with the fourth radionuclide were injected into the left atrium. The occlusion was again maintained for a total duration of 60 s. In three of the six animals the sequence of study was reversed so that the distribution of microspheres during coronary artery occlusion was studied first, while the control distribution of microspheres was studied second. The dogs were sacrificed, the hearts sectioned, and myocardial blood flow determined as previously described.
Data analysis using Student's t test for paired data was performed with a digital computer.
RESULTS
Group I. Mean heart rate, aortic and left atrial blood pressures, and aortic and coronary blood flows measured in eight dogs in group I are shown in Table I. 5 min after administration of nitroglycerin, heart rate, aortic pressure, and coronary blood flow were not significantly different from the pretreatment control values, while left atrial pressure and mean aortic flow were slightly but significantly below the control values. Fig. 1 illustrates the left circumflex coronary artery reactive hyperemic responses observed in a typical dog. (Table IIA) .
When, after a 5-s coronary artery occlusion, the occluder was partially deflated to allow coronary artery inflow to return to the preocclusion rate and held at this level for 20 s, complete release of the occlusion was followed by an augmented reactive hyperemic response 62+8 s in duration during which 21.1+3.85 ml of excess arterial inflow occurred, resulting in 775±105% blood flow debt repayment (Fig. 1 the control level before administration of nitroglycerin (P < 0.01) and was not significantly different from the reactive hyperemia which followed a simple 5-s coronary artery occlusion.
Regional myocardial blood flow to the left ventricular posterior free wall and posterior papillary muscle region is shown in Table III . During resting control conditions epicardial flow ranged from 0.63 to 0.76 ml/ min per g of myocardium, while endocardial flow ranged from 0.82 to 0.87 ml/min per g of myocardium. Endocardial flow was significantly greater than epicardial flow in ring 2 (P <0.02), but not in ring 3. Thus, the ratio of endocardial to epicardial flow in ring 2 during control conditions was significantly greater than unity (Fig. 2) .
When arterial inflow was restricted to the control rate during coronary vasodilation induced by a 5-s coronary occlusion, mean epicardial flow in the posterior free wall and posterior papillary muscle region was increased 19±5% above the control value (P < 0.01) (Table III) . In contrast to this, mean endocardial flow within these posterior regions was decreased 24±6% below the control level (P < 0.01). Consequently, the ratio of endocardial to epicardial flow was significantly decreased below the control level and below unity in the regions under study (Fig. 2) (P < 0.01) In contrast to this, 5 min after nitroglycerin administration, no redistribution of myocardial blood flow occurred when coronary inflow was restricted to the preocclusion rate after a 5-s coronary artery occlusion, so that regional myocardial blood flow during this interval was not significantly different from the resting control situation (Table III) . The ratio of endocardial to epicardial flow after nitroglycerin was not significantly different from that observed during the control situation (Fig. 2) .
Group II. In six dogs in which myocardial oxygen consumption was measured, mean coronary blood flow during resting control conditions was 27.8±2.5 ml/min with a mean coronary arteriovenous oxygen difference of 11.93±0.45 ml/100 ml of blood, yielding a myocardial oxygen consumption of 3.28±0.21 ml/min (Table IV) . When these measurements were repeated 5 min after intravenous administration of nitroglycerin, resting coronary blood flow was 27.1±1.7 ml/min, while arteriovenous oxygen difference was 12.56±0.64 ml/100 ml of blood, yielding a mean myocardial oxygen consump- After administration of nitroglycerin, acute occlusion of the circumflex coronary arterv resulted in statistically similar decreases of mvocardial blood flow, subepicardial flowv falling to 20±2%, of the preocclusion value while subendocardial flow fell to 17±2% of the preocclusion control value. Thus, nitroglycerin did not significantly alter coronary collateral inflow distal to an acute coronary artery occlusion.
DISCUSSION
In the coronary circulation the reactive hyperemic response is closely coupled to myocardial metabolic activity so that alterations of myocardial oxygen consumption or alterations of the duration of arterial occlusion are accompanied by commensurate alterations of the reactive hyperemia to maintain a nearly constant blood flow debt repayment (15) (16) (17) . Because of this quantitative relationship between moycardial ischemia and the subsequent reactive hyperemia, it is reasonable that the magnitude of the reactive hyperemic response could be used to evaluate the degree of preceding ischemia. Consequently, the finding that reactive hyperemia fol- Since the rate of arterial inflow during this interval had been sufficient to maintain myocardial metabolic activity before occlusion, it is necessary to explain why this same volume of arterial blood was not adequate to Left circumflex coronary artery blood flow, arterial and coronary sinus oxygen content, myocardial arteriovenous oxygen difference, and myocardial oxygen consumption in six awake dogs during resting control conditions (Con) and 5 min after administration of nitroglycerin, 0.015 mg/kg, by intravenous infusion over a 60-s interval (TNG). prevent an increasing blood flow debt after the 5-s total occlusion. Because cardiac contraction impedes blood flow into the subendocardium during systole, uniform transmural perfusion is dependent upon a gradient of blood flow favoring the subendocardium during diastole (2). During normal conditions it appears that sufficient vasodilator capacity resides at the subendocardial resistance vessels to maintain this compensatory gradient of favoring perfusion of the subendocardium. Myocardial ischemia may, by causing generalized coronary vasodilation, limit the ability of the subendocardial vessels to maintain diastolic resistance sufficiently low to sustain the necessary transmural gradient of flow to compensate for lack of systolic perfusion (3) (4) (5) . Thus, in the present study, vasodilation resulting from a 5-s occlusion impaired the ability of the coronary vasculature to maintain a uniform transmural distribution of myocardial blood flow during the interval of restricted inflow. As a consequence, flow to the subepicardium was increased and flow to the subendocardium was decreased while the total volume of arterial inflow remained unchanged. As expected, the final result of ischemia continuing within the subendocardium was an increase in the reactive hyperemic response when the occlusion was finally completely released.
Effects of Nitroglycerin on Transmural Myocardial Blood Flow
Measurements of regional myocardial blood flow confirmed the proposed redistribution of flow during the interval when coronary inflow was restricted to the preocclusion control level after a 5-s coronary occlusion. During this interval, the epicardial layer received more blood than during control conditions while flow to the subendocardial layer was reduced below the control level. Both the augmentation of the reactive hyperemia following restricted arterial inflow and the maldistribution of transmural blood flow were corrected by pretreatment with nitroglycerin. The mechanism by which nitroglycerin reversed this phenomenon was the subject of further study. Nitroglycerin did not exert its action by a direct effect on the reactive hyperemic response, since reactive hyperemia following a simple 5-s coronary artery occlusion was not altered by pretreatment with nitroglycerin. This confirms similar previous findings in the open-chest dog by Winbury, Howe, and Hefner (7).
The effect of nitroglycerin on abolishing augmentation of reactive hyperemia following a 20-s interval of restricted inflow might have resulted from vasodilation by nitroglycerin of preexisting intercoronary collateral channels. The resulting increased collateral inflow during the period of occlusion and subsequent arterial restriction could have facilitated partial recovery of coronary vascular tone before complete release of the occluder. In previous studies using open-chest dogs, Fam and McGregor (18) found that nitroglycerin resulted in no increase in retrograde flow from the left circumflex coronary artery distal to an acute arterial occlusion of normal dogs, although nitroglycerin did increase retrograde flow in dogs in which growth of collateral vasculature had been stimulated by production of chronic myocardial ischemia. In the present study, nitroglycerin resulted in no significant increase in collateral inflow distal to an acute coronary artery occlusion. Thus, the effect of nitroglycerin on reactive hyperemia following restricted arterial inflow did not appear to occur from any effect on innate, preexisting intercoronary collateral channels.
A third mechanism by which nitroglycerin could have exerted its effect would have been by reduction of myocardial oxygen consumption without a concomitant re-duction of coronary blood flow. The net result of such an effect would be decreased myocardial oxygen extraction with increased oxygen content of coronary venous blood. In this situation, during the interval when coronary flow was restricted to the preocclusion control level considerable capacity to increase oxygen extraction would exist and the blood flow debt might, at least in part, have been repaid by increasing oxygen extraction without need for further increase of coronary blood flow. In man, nitroglycerin has been demonstrated to decrease left ventricular volume secondary to reduction of arterial pressure as well as to decreased venous return resulting from systemic venodilation (10, 20) . Reduction of left ventricular volume would result in decreased left ventricular systolic tension development, a major determinant of myocardial oxygen consumption (21) . In the present study, however, measurements 5 min after administration of nitroglycerin demonstrated no change in mean arterial pressure and only a modest decrease in mean left atrial pressure, with no change in myocardial oxygen consumption, myocardial arteriovenous oxygen extraction, or coronary venous oxygen content. The lack of effect of nitroglycerin on myocardial oxygen consumption in the present study may have resulted from (a) the supine position of the animals, which would decrease the possibility of venous pooling and resultant decreased venous return and (b) the presence of normal cardiovascular dynamics in these experimental animals. In patients with left ventricular decompensation, both arterial and venous tone may be increased above normal, and nitroglycerin might be expected to be effective in reducing these values and consequently reducing left ventricular volume and mvocardial oxygen consumption (22) .
A fourth potential mechanism by which nitroglycerin might act was proposed by Winbury, Howe, and Weiss (23) . These workers postulated that nitroglycerin increases the open capillary density in the subepicardial mvocardium to allow adequate tissue oxygenation at lower subepicardial blood flow rates, thereby making additional blood available to the subendocardium. However, recent studies of the small vessel blood content of the left ventricular myocardium by Weiss and Winbury (24) failed to demonstrate a significant effect of nitroglycerin upon transmural blood volume and led these workers to conclude that nitroglycerin does not significantly alter the transmural open capillary density.
It is possible that the action of nitroglycerin may be related to the differing effects which ischemia and nitroglycerin have on the coronary vascular system. While diastolic flow into the subepicardium is principally controlled by the resistance at the precapillarv level, flow to the subendocardial nmvocardium is additionally influenced by the resistance of the penetrating arterial vessels which conduct blood from the epicardial surface across the wall of the left ventricle. Consequently, adequate subendocardial perfusion is dependent upon the ability of the subendocardial precapillary vessels to maintain sufficiently low resistance relative to the subepicardial vessels during diastole to compensate for both lack of systolic perfusion and for the additional series resistance offered by the transmural vessels which conduct blood across the left ventricular wall.
During normal conditions the resistance of the penetrating arteries appears to be low in relation to the precapillary resistance, so that vasodilation at the subendocardial precapillary level can readily compensate for this added series resistance and maintain net subendocardial perfusion equal to or slightly greater than subepicardial perfusion (2) . If generalized vasodilation of the precapillary vessels occurred. howevere, it is possible that their ability to compensate for the resistance of the penetrating arteries would be impaired. In this situation the resistance of the penetrating vessels could assume major importance in determining whether the limited arterial inflow is delivered principally into the most proximal subepicardial channels at the expense of underperfusion of the more distal subendocardial channels. Mivocardial ischemia results in vasodilation of the precapillary resistance vessels but not of the larger epicardial conductance vessels (7, 25) . When resistance at the level of precapillary vessels becomes low, the effect of the resistance of the penetrating vessels which separate subepicardial from subendocardial precapillary vessels obviously becomes relatively more important. Although direct measurement of the vascular resistance at the level of the transmural penetrating arteries is not possible, Winbury et al. (7, 23, 26) have provided data suggesting that these vessels behave similarly to epicardial arteries and are not dilated by ischemia. In contrast to the effects of ischem-nia, nitroglycerin results in only transient vasodilation of the precapillary vessels of 1-2-min duration, but causes prolonged vasodilation of the larger coronary conductance vessels (6, 7, (25) (26) (27) . If nitroglycerin effects vasodilation of the penetrating arteries not produced by ischemia, the resultant lowered resistance of these channels would be expected to facilitate delivery of blood to the subendocardium. This proposed mechanism could thus account for the observed correction of the transmiural maldistribution of flow during the interval of restricted inflow in the presence of dilation of the coronary resistance vessels produced by the 5-s coronary artery occlusion. It is probable that nitrogly cerin vasodilates these penetrating vessels directlv; hoowever, if wall tension is lowered due to a decrease in ventricular volume, a similar effect might be produced secondarily.
The data reported in the present study indicate that in the presence of a proximal subtotal coronary artery occlusion which prevents significant increase in arterial inflow, coronary vasodilation induced by ischemia results in increased blood flow to the subepicardium at the expense of underperfusion of the subendocardium. In this experimental model, which may bear some analogy to the clinical situation of occlusive proximal coronary artery disease, nitroglycerin acted to correct this inhomogeneity of flow and restore the distribution of myocardial blood flow toward normal.
